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Abstract:  
Background: Hybrid systems with fuel cells and thermal engines are studied with promising results. Molten 

carbonate fuel cells (MCFC) show many advantages compatible with the current demands for energy production 

in a sustainable competitive way. 

Materials and Methods: This paper focuses on the computational investigation of an indirect internal 

reforming MCFC coupled to a gas turbine (GT) system. The technical analysis comprises of energy analysis of 

the hybrid cycle, using the Gibbs function minimization technique for the methane steam reforming process. 

The assessment is performed to determine the influence of the hybrid cycle operating temperature and pressure, 

steam-to-carbon ratio, and fuel and oxidant usage in the fuel cell. 

Results: Results show that the increase in temperature and in operating pressure of the fuel cell and the fuel 

reform rate improves the hybrid system performance. Variation in the utilization factor, however, did not 

determine an expressive increase in system efficiency. For the same fuel mass flow rate, it is possible to see that 

the variation in the operating temperature of the fuel cell resulted in an increase in the total power of the hybrid 

system when compared to the results of the pressure increase. The increase in temperature resulted in a 

maximum increase of 12% in delivered power and corresponding to about 7% system efficiency increase. 

Instead, an increase in pressure of about 4% corresponding to an increase of about 2% system efficiency. 

Conclusion: Although an increase in the fuel cell's power density was observed for the same mass flow rate in 

the system, the pressure negatively influenced the total delivered power by the fuel cell. 
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I. INTRODUCTION 
According to the Global Energy Statistical Yearbook [1], the contribution of BRICS (Brazil, Russia, 

India, China, and South Africa) countries to the electricity consumption had an increase of 72% between 2010 

and 2018. In these years, after a period of stagnation until 2016, energy-related carbon dioxide emissions grew 

by 2.1% in 2017 and by 1.9% in 2018. Nevertheless, the increase in energy demand associated with the urgency 

for the reduction of pollutant emission drives the need for alternatives to energy systems production. Renewable 

energy is still a challenge due to its installation cost and local dependence of the source, the optimization of the 

energy generation processes justifies the efforts of this researches. 

One of the ways to reduce the fossil fuel impact on the atmosphere is through more efficient energy 

generation systems, such as combined cycles. According to Dincer et al. [2], power generation systems with 

lower greenhouse gases (GHG) emissions are being considered or installed globally to reduce GHG emissions. 

The benefit of this combination is the better use of fuel, which is, more power can be produced from the same 

amount of fuel, increasing the system efficiency and lowering the release of pollutants per kilowatt-hour 

generated. 

Hauschild [3] defines a hybrid system like the one formed by two or more sources of energy production 

working together to meet the demand of a common consumer and this has been observed has an important 

alternative for the optimization of energy generation processes. Fuel cell hybrid systems have been described to 

meet efficiencies of about 80% LHV base when using natural gas promoting pollutant emissions reduction [4]. 

The possibility to combine technologies that use different mechanisms of energy generation is the main aspect 

studied in these systems. Thus, starting from the same primary source, the energy potential not used in the 

energy generation by one technology might be used by the other, increasing net efficiency. This principle leads 

to the proposition of hybrid cycles using fuel cells and thermal engines since 1989 [5]. 
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The fuel cell produces electrical energy through oxy-fuel reduction reactions presenting a non-

limitation due to the irreversibility of combustion reactions and its energy production efficiency [6, 7]. High-

temperature fuel cells also have the advantage of promoting the use of CO2 [8] and the flexibility of fuel use by 

internal reforming and gasification of energy sources such as coal and biomass [9-12]. The use of thermal 

engines within the hybrid cycle is aimed at harnessing the heat generated to produce electricity, considering that 

in this type of fuel cell almost half of the energy from the fuel is lost in the form of heat. 

Marefati and Mehrpooya [13] studied a cogeneration system using a molten carbonate fuel cell 

(MCFC). The authors found high overall efficiency (around 65%) and a total exergy efficiency gain of 0.12%.  

Marefati et al. [14] also studied a cogeneration system using an MCFC and a solar collector to investigate a 

carbon capture process. The hybrid system produced around 720 MW of electrical power with a 71% overall 

efficiency power plant. Mehrpooya et al. [15] evaluated a power generation process using an MCFC hybrid 

system, oxy-fuel, Rankine cycle, and solar parabolic thermal energy. The integrated structure showed an overall 

thermal efficiency of about 73% and total exergy efficiency of almost 63%. In addition, Mahmoudi et al [16] 

analyzed an MCFC combined cycle using the Organic Rankine cycle (ORC). The best performance was 

achieved using toluene and n-pentane in the ORC, obtaining about 68% of exergy efficiency and 32 US$/GJ as 

the lowest power unit cost. The literature has been demonstrated the study of an MCFC in hybrid systems using 

various technologies and using many approaches [17-39]. 

Hybrid systems with solid oxide [40] and molten carbonate fuel cells [41] were successfully 

demonstrated in the sub-MW size class and reached efficiencies of 53% and 56%, PCI base, respectively. 

McLarty et al. [4], however, described another system involving an MCFC associated with a micro gas turbine 

achieving an efficiency of 74.4%, PCI base. MCFCs alone have been registered to achieve efficiencies of 48% 

[42]. 

The steady-state of the MCFC energy production system has been studied under various parameters 

such as pressure profile, temperature distribution, electric efficiency or fuel usage [43-45]. However, its 

behavior in a hybrid system is still explored. A unified hybrid fuel cell and thermal engine model was 

demonstrated by Zhang et al. [46] reproducing important results of the literature. Some limiting aspects such as 

production cost and durability, especially in fuel cells, however, represent an important challenge for the 

diffusion of these systems [47]. 

Regarding the gas turbine unit (GTU), Pashchenko [48] determined the optimal operational parameters 

of a GTU with the thermochemical exhaust heat recuperation system by using steam methane reforming. In his 

paper, the influence of temperature, pressure, and inlet reaction mixture composition on the recuperation rate 

were determined to show that for the temperature range of 900 K to 1000 K, operating pressure less than 10 bar, 

the recuperation rate reaches a maximum value for the steam-to-carbon ratio of two. 

This study aims to analyze technically a hybrid system consisted of a molten carbonate fuel cell and a 

gas turbine, through the evaluation of the main variables on the efficiency and power generation of the hybrid 

system. Thus, it will be possible to find fuel cell design points and work in them. Initially, it is demonstrated 

how operation limits of the molten carbonate fuel cell at the design point influence in the energy production of 

the device. Afterward, an analysis of the fuel cell/gas turbine hybrid cycle was accomplished using MS Excel 

software, including the model validation with the comparison between the results of the fuel cell / hybrid system 

model and those available in the literature. 

 

II. DESCRIPTION AND MATHEMATICAL MODELING OF THE HYBRID SYSTEM 
Hybrid fuel cell/gas turbine systems show potential for high efficiency, low pollutant emissions, fuel 

flexibility and dynamic responsiveness [40,49]. Experimental and theoretical analyses of such hybrid systems 

confirm this potential. Besides, the construction of the sites might be fast and with minimal environmental 

impact. 

 

Molten Carbonate Fuel Cell (MCFC) 

High-temperature fuel cells composed of a molten carbonate salt mixture electrolyte suspended in a 

porous, chemically inert ceramic matrix are defined as molten carbonate fuel cells (MCFC).  It is especially 

applicable in stationary processes among the types of fuel cells currently available due to the operating 

temperature of the fuel cell around 923.15 K, which is enough for the electrochemical conversion processes 

without the need for noble metals catalysts. Yu et al. [50] highlight that many projects using MCFCs have 

shown the great commercial value of fuel cells in the application fields of independent power sources including 

the MW-scale MCFC power plant [51] and the U.S. distributed generation fuel cell program [52]. Between 2012 

and 2013, the power delivered by MCFCs around the world rose from 62.0 to 91.9 MW/year, an increase of 

48.2% [53]. 

The reforming reaction of conventional fuels is also favored by the high temperature of fuel cells. It 

allows the reaction to be realized internally in the own cell, simplifying the system and increase the overall 
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efficiency since the energy used for the reforming processes comes from the heat generated in the cell itself. 

MCFCs also have the advantage to be able to use CO and CO2 in the electrochemical and reforming reactions, 

which increase the range of fuels that can be used in the process [54]. 

The anode, cathode and overall reactions in MCFC are, respectively [6]: 

H2  +  CO3
−2    →    H2O +  CO2  +  2e− (1) 

0.5 O2  +  CO2 +  2e−    →    CO3
−2 (2) 

H2  + 0.5 O2  +  CO2,𝑐𝑎𝑡     →     H2O +  CO2,𝑎𝑛  (3) 

Knowing the equilibrium potential (Eeq) of the cell and the irreversible losses (Vcat and Van) of the 

process is possible to calculate the operational cell voltage (E) of the fuel cell based on Nernst equation when 

the current density (j) is defined [55,56]: 

𝐸 = 𝐸𝑒𝑞 + 𝑗 𝑅𝑡 + 𝑉𝑎𝑛 + 𝑉𝑐𝑎𝑡   (4) 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑔𝑇

2 𝐹𝑛
𝑙𝑛  

𝑝𝐻2
𝑝𝑂2

0.5 𝑝𝐶𝑂2 ,𝑐𝑎𝑡

𝑝𝐻2𝑂  𝑝𝐶𝑂2 ,𝑎𝑛

  (5) 

𝐸0 =
𝑅𝑔𝑇

2 𝐹𝑛
𝑙𝑛 𝐾0  (6) 

𝐾0 = exp  
−∆𝐺𝑟

𝑅𝑔  𝑇
  (7) 

𝑅𝑡 = 𝛿  𝑎 ∙ exp  𝑏  
1

𝑇
−

1

𝑇0

    (8) 

Where: E is the working cell voltage (V); Van and Vcat is the irreversible losses at the anode (.m
2
) and cathode 

(.m
2
), respectively; Rg is the universal gas constant (8.314 kJ/kmol.K); Fn is the Faraday constant (96487.309 

C/mol); T is the cell temperature (K); 𝑝𝐻2
, 𝑝𝑂2

and  𝑝𝐶𝑂2 ,𝑐𝑎𝑡  are the partial pressure of hydrogen, oxygen and 

carbon dioxide at the cathode, respectively; 𝑝𝐻2𝑂and 𝑝𝐶𝑂2 ,𝑎𝑛  are the partial pressure of water and carbon dioxide 

at the anode, respectively;  K0 is the reaction equilibrium constant [-];∆𝐺𝑟  is the Gibbs free energy of the fuel 

cell reaction [kJ/kmol] (Eq. 3); T0 is the reference temperature [K]. 

The total resistance (Rt) is related to the cell building material since  is the equivalent thickness of the 

diffusion layer, 𝑎and b are constants related to the fuel cell materials. Calculation of the equilibrium potential 

predicts that increasing the operating pressure of the fuel cell results in increased partial pressures of the 

reactants, the solubility and mass transport rates. However, an excessive increase in the operating pressure will 

favor the carbon deposition (Boudouard reaction) and suppress the reforming of methane to form H2 by the Le 

Chatelier principle, reducing the gas flow and the fuel availability for the reaction, respectively [6]. 

Regarding the effect of cell pressure, Eq. (3) shows that a transfer of CO2 from the cathode gas stream 

to the anode gas stream must occur for electricity production from the MCFC. Thus, it is assumed that when the 

partial pressures of CO2 are identical at the anode and cathode, the cell potential will depend on the partial 

pressures of hydrogen, oxygen, and water. However, in real systems, the partial pressures of CO2 are different at 

the anode and at the cathode, so the cell potential is affected accordingly. Besides, an increase in the MCFC 

operating pressure can result in increased cathode corrosion. Corrosion of the cathode is related to the acidity of 

the electrolyte. An increase in the cell pressure (consequently, an increase in the partial pressure of CO2) can 

accelerate the corrosion process and nickel precipitation, causing the fuel cell to fail. Therefore, the proper 

choice of operating pressure of the MCFC cell is necessary and has a direct relationship with the useful life, 

cost, and feasibility of the device [7]. 

Polarization in the electrodes as demonstrated by Selman and Lin [57] can be obtained, regarding the 

irreversible losses (Vcat and Van) of the process, by: 

𝑉𝑎𝑛 = 2.27. 10−9 𝑝𝐻2
 
−0.42

 𝑝𝐶𝑂2
 
−0.17

 𝑝𝐻2𝑂 
−1.00

exp  
53500

𝑅𝑔

 
1

𝑇0

−
1

𝑇
   (9) 

𝑉𝑐𝑎𝑡 = 7.51. 10−10 𝑝𝑂2
 
−0.43

 𝑝𝐶𝑂2
 
−0.09

exp  
53500

𝑅𝑔

 
1

𝑇0

−
1

𝑇
   (10) 

Zhang et al. [46] highlight that the ohmic polarization occurs due to the resistance of both the carbonate 

ions flows in the electrolyte and the electron in the electrodes and interconnectors. An energy barrier that the 

reagents must overcome for the reaction to occur defines activation polarization. On the other hand, the 

difference between the rate of diffusion of the reactant gases by the electrodes and the reaction rate leads to the 

concentration polarization results.Polarization resistance shows an explicit dependence on reactants’ partial 

pressures (p) on each electrode, reference temperature (T0) and the operating temperature of the cell (T). 

Reference temperature for MCFCs is described as 923.15K [58]. The partial pressures are defined by gas 

compositions and operating pressure. Therefore, it is necessary to evaluate the influence of these parameters in 

the hybrid system to analyze the best relationship among them. 
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In this study, chemical equilibrium was used to calculate the gas concentrations required in the 

determination of the anode and cathode resistances as well as for the results of fuel reforming and gas shift 

reactions. The values of the equilibrium constants at different fuel cell temperature and pressure conditions were 

also calculated. 

Finally, the electric energy density produced by the fuel cell can be calculated as [56]: 

𝑊𝐹𝐶 = 𝐸 ∙ 𝑗 (11) 

Where: WFC is the fuel cell power density produced [kW.m
-2

], E is the operational cell voltage [V] and j is the 

current density [A.m
-2

]. 

 

Hybrid system simulation  

According to Wee [59], in the MCFC, the mainly anode products are carbon dioxide and steam. 

Unreacted fuel and carbon monoxide can also be found in the anode products at a low-level and they can be 

used as fuel for extra power generation in the gas turbine. According to the literature [60-66]; theoretical overall 

efficiency of the hybrid system consisting of a molten carbonate fuel cell and a gas turbine ranges from 75 to 

80%, including operation in cogeneration systems. Grillo et al. [67], and Lobachyov and Richter [65] state that, 

even considering losses, the system can reach efficiencies higher than 60%. 

This work considers an indirect internal reforming process. Due to the availability and current usage 

status of this source, pure methane gas was chosen as the fuel to be reformed for hydrogen production, which 

reaction is described as [59]: 

𝐶𝐻4 + 𝐻2𝑂   ↔   𝐶𝑂 + 3 𝐻2 ∆𝐻 = −206 𝑘𝐽/𝑚𝑜𝑙  (11) 

In addition, the shifting reaction occurs [59]: 

𝐶𝑂 + 𝐻2𝑂   ↔   𝐶𝑂2 +  𝐻2 ∆𝐻 = 41.15 𝑘𝐽/𝑚𝑜𝑙  (12) 

In theory, every mole of methane produces four moles of hydrogen. The reactions are in chemical 

equilibrium. In the study of Xu and Froment [68], the reforming and shifting reactions are dependent on the 

temperature and can be expressed as: 

𝑙𝑜𝑔 𝐾𝑝 = 𝑘1𝑇
4 + 𝑘2𝑇

3 + 𝑘3𝑇
2 + 𝑘4𝑇 + 𝑘5 (13) 

Where: Kp is the equilibrium constant of the reactions (Eq. 11 and 12), and k1 to k5 are experimental constants, 

shown in Table 1. 

 

Table no1. Constants for the reforming and shifting reactions [68,69]. 

Constant Reforming reaction Shifting reactions 

k1 -2.63121×10
-11

 5.47301×10
-12

 

k2 1.24065×10
-7

 -2.57479×10
-8

 

k3 -2.25232×10
-4

 4.63742×10
-5

 

k4 0.195028 -0.03915 

k5 -66.13950 13.20970 

Assuming that the reforming and shifting reactions were always in equilibrium, the equilibrium 

constants can also be calculated as a function of the reactants partial pressures of the reactions 11 and 12 [70]: 

𝐾𝑝 𝑟𝑒𝑓𝑜𝑟𝑚 = 𝑝𝐻2
3 𝑝𝐶𝑂 𝑝𝐶𝐻4

𝑝𝐻2𝑂 
−1

 (14) 

𝐾𝑝 𝑠𝑕𝑖𝑓𝑡 = 𝑝𝐻2
𝑝𝐶𝑂2

 𝑝𝐶𝑂𝑝𝐻2𝑂 
−1

 (15) 

Pashchenko [71] performed a thermodynamic analysis of the thermochemical recovery (TCR) steam 

methane (SMR) reforming process using the Gibbs free energy minimization technique and determined the 

effects that operating parameters had on process efficiency. The parameters investigated were pressure, steam-

to-carbon ratio, and temperature. The results showed that the ideal operating conditions for the process with 

TCR were for the steam-to-carbon ratio of 2, flue gas temperature of 900-1100K and pressure below 10 bar. For 

a higher temperature (1200 K), the ideal steam-to-carbon ratio was 1 with operating pressures between 5 and 10 

bar. Another analysis performed by Pashchenko [72] was on a compact fixed bed reactor filled with a porous 

Ni-Al2O3 catalyst in different forms. The analysis was theoretical (ANSYS Fluent) and experimental. The 

experimental and theoretical results showed an average error of less than 8% and the dependence of the pressure 

loss for the different depths of the catalyst bed is about linear. An experimental investigation conducted by 

Pashchenko [73] of methane reforming on the NiO-Al2O3 catalyst was performed to understand the effects of 

operating parameters (temperature, pressure, residence time and input gas composition) on the efficiency of the 

operation. The pressure from 1 to 5 bar has a negligible effect on methane conversion, and the addition of steam 

increases methane conversion, especially in the range of 500 to 800°C. 

Two steam to carbon ratio (2.0 and 3.0) were assumed in the analyses. For the fuel cell, this work 

analyzed a temperature range of 773.15 K to 973.15 K and the pressure range from 1 to 6 atm to see the 

influence of each variable in the system. Furthermore, the partial pressure was obtained based on the average 
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molar concentrations of the fluid components at the inlet and outlet of each electrode, so that the fuel utilization 

rate (Ufan) in the anode was also a parameter to be considered and was analyzed in this study with a variation of 

25% to 100%. The physical properties of the MCFC, obtained from the literature [6,46] are listed in Table 2. 

 

Table no 2. Characteristics of the MCFC components [6, 46] 

Flowing length in electrolyte 
δ = 0.0017 m a = 0.0294 m 

A = 0.00005 m
2
 b = 3016 K 

Oxidant utilization  Uox = 0.5 

MCFC reference temperature T0 = 923.15 K 

 

Figure 1a shows the schematic diagram of the hybrid system consisting of an indirect reforming molten 

carbonate fuel cell and a gas turbine as the main equipment and Figure 1b illustrates the hybrid system temperature-

entropy plot depicted in Figure 1a. 

 

 

 

(a) Schematic diagram (b) Temperature-entropy diagram 

Figure no1. (a) Schematic diagram and (b) temperature-entropy plot of the hybrid system analyzed in 

this work. 

 

The current density function of the MCFC, the anode and cathode resistance based on different pressure 

inputs, reforming rate, fuel utilization and the fuel cell operating temperature is analyzed in this paper. The 

performance of the fuel cell is also described as using the Nernst equation. Although it is possible to set MCFC 

fuel to use CO, this is not considered in this work. 

 

Gas turbine in the hybrid system 

The concept of using a gas turbine in a fuel cell integrated system is well-known for years. Research in 

the literature indicates that the concept was first analyzed by Ide et al. (1989), who compared three different 

hybrid systems in terms of net efficiency, energy generation, and energy recovery. The gas turbine modeling is 

based on Figure 1. The isentropic efficiency of the compressor is defined as [74]:  

𝜂𝐶 =
𝑤𝐶,𝑠

𝑤𝐶

=
𝑕2,𝑠 − 𝑕1

𝑕2 − 𝑕1

 (16) 

Where: wC,s is the ideal (isentropic) specific compressor work (in SI units, kJ/kg); wC is the specific compressor 

work (kJ/kg); h2,s is the specific enthalpy at the compressor exit (kJ/kg) in the isentropic process; h2 is the 

specific enthalpy at the compressor exit (kJ/kg); h1 is the specific enthalpy at the compressor inlet (kJ/kg). 

The ideal temperature (T2,s) of the working fluid at the compressor exit is determined using [74]: 

𝑇2,𝑠

𝑇1

=  
𝑃2

𝑃1

 

𝛾−1

𝛾

 (17) 
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Where: T1 is the temperature at the compressor entrance (in SI units, K); P2 and P1 are the pressures at the 

compressor exit and entrance (Pa), respectively;   is the ratio between specific heats at constant pressure (Cp) 

and constant volume (Cv). Applying the energy balance in the system, the work required for the compressor is 

[74]: 

𝑊 
𝐶 = 𝑚 1 𝑕2 − 𝑕1  (18) 

Where: 𝑊 
𝐶 is the compressor power (in SI units, kW) and 𝑚 1 is the mass flowrate of the air (kg/s). 

The first law of thermodynamics for the combustion chamber is expressed as [75]:  

 𝑚 𝑎𝑖𝑟 ,𝐹𝐶 + 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶𝑈𝑓 + 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶 1 − 𝑈𝑓 = 𝑚 4 = 𝑚 3 + 𝑚 15  (19) 

𝑄 𝑐𝑜𝑚𝑏 = 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶 1 − 𝑈𝑓 𝐿𝐻𝑉 (20) 

𝑄 𝑙𝑜𝑠𝑠 = 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶 1 − 𝑈𝑓  1 − 𝜂𝑐𝑜𝑚𝑏  𝐿𝐻𝑉 (21) 

Where: Uf is the fuel utilization in the fuel cell; 𝑚 𝑎𝑖𝑟 ,𝐹𝐶  is the air mass flowrate of the fuel cell (kg/s); 𝑚 3 and 

𝑚 15  are the mass flowrate at the combustor entrance from the heat exchanger and the fuel cell anode, 

respectively;𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶  is the fuel mass flowrate of the fuel cell (kg/s); 𝑄 𝑐𝑜𝑚𝑏  is the heat release in the combustion 

chamber (kW); LHV is the lower heating value of the fuel (kJ/kg);𝜂𝑐𝑜𝑚𝑏 represents the combustor efficiency. 

The entropy balance for the combustor is [75]: 

𝑚 4𝑠4 +
𝑄 𝑐𝑜𝑚𝑏

𝑇𝑐𝑜𝑚𝑏

+ 𝑆 𝑐𝑜𝑚𝑏 − 𝑚 3𝑠3 − 𝑚 15𝑠15 −
𝑄 𝑙𝑜𝑠𝑠
𝑇∞

= 0 (22) 

Where: 𝑇𝑐𝑜𝑚𝑏  is the adiabatic flame temperature (K); 𝑠4 is the specific entropy (kJ/kg.K) at the combustor exit, 

𝑠3 and 𝑠15  is the specific entropy (kJ/kg.K) at the combustor entrance from the heat exchanger and fuel cell 

anode, respectively; 𝑆 𝑐𝑜𝑚𝑏  is the entropy generated in the combustion reaction (kW/K); 𝑄 𝑙𝑜𝑠𝑠  is the heat transfer 

rate lost by the combustion chamber (kW); 𝑇∞  is the ambient temperature (K). 

The entropy generation rate inside the combustion chamber is [75]:  

𝑆 𝑐𝑜𝑚𝑏 = 𝑚 3𝑠3 + 𝑚 15𝑠15 +
𝑄 𝑙𝑜𝑠𝑠
𝑇∞

−  𝑚 4𝑠4 +
𝑄 𝑐𝑜𝑚𝑏

𝑇𝑐𝑜𝑚𝑏

  (23) 

The power demanded by the compressor  𝑊 
𝐶  is provided by the gas turbine  𝑊 

𝐺𝑇 . Therefore, the net 

power of the gas turbine system  𝑊 
𝑛𝑒𝑡 ,𝐺𝑇  is given by [76]: 

𝑊 
𝑛𝑒𝑡 ,𝐺𝑇 = 𝑊 

𝐺𝑇 − 𝑊 
𝐶  (24) 

Knowing the turbine inlet temperature, the turbine exit temperature is calculated through the definition 

of isentropic efficiency (GT) of the turbine [76]: 

𝜂𝐺𝑇 =
𝑤𝐺𝑇

𝑤𝐺𝑇,𝑠

=
𝑕6 − 𝑕7

𝑕6 − 𝑕7,𝑠

 (25) 

Where: wGT,s is the ideal (isentropic) specific gas turbine work (in SI units, kJ/kg); h7,s is the specific enthalpy at 

the gas turbine exit (kJ/kg) in the isentropic process; h7 is the specific enthalpy at the gas turbine exit (kJ/kg); h6 

is the specific enthalpy at the gas turbine inlet (kJ/kg). 

The gas turbine exit pressure (𝑃6) is [76]: 

𝑃7

𝑃6

=  
𝑇7,𝑠

𝑇6

 

𝛾

𝛾−1

 (26) 

Where: T7,s is the ideal temperature of the working fluid at the gas turbine exit (K); T6 is the temperature at the 

gas turbine entrance (K); P6 is the gas turbine inlet pressure (Pa). 

The entropy balance for the turbine is obtained as [76]: 

𝑚 6𝑠6 − 𝑚 7𝑠7 + 𝑆 𝐺𝑇 = 0 (27) 

From the mass conservation (𝑚 6 = 𝑚 7). The entropy generation rate (𝑆 𝐺𝑇) during the expansion process is 

[75,77]: 

𝑆 𝐺𝑇 = 𝑚 7 𝑠7 − 𝑠6  (28) 

For the heat exchanger after the combustion chamber (HE1), its efficiency is described as [77]: 

𝜂𝐻𝐸1 =
𝑕3 − 𝑕2

𝑕4 − 𝑕5

 (29) 

Besides, the entropy balance equation for the heat exchanger 1 is expressed as [77]: 

𝑚 2𝑠2 − 𝑚 3𝑠3 + 𝑚 4𝑠4 − 𝑚 5𝑠5 + 𝑆 𝐻𝐸1 = 0 (30) 

From the mass conservation (𝑚 2 = 𝑚 3and 𝑚 4 = 𝑚 5). Thus, the entropy generation rate inside the heat 

exchanger 1 (𝑆 𝐻𝐸1) is achieved with [75,77]: 

𝑆 𝐻𝐸 = 𝑚 2 𝑠3 − 𝑠2 − 𝑚 4 𝑠5 − 𝑠4  (31) 

For the heat exchanger after the gas turbine (HE2), its efficiency is described as [77]: 

𝜂𝐻𝐸2 =
𝑕𝑠𝑡 − 𝑕𝑤

𝑕7 − 𝑕8

 (32) 
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Where: 𝑕𝑠𝑡  and 𝑕𝑤  is the specific enthalpy (kJ/kg) of the steam and water, respectively.  

The entropy balance equation for the heat exchanger 2 is expressed as [77]: 

𝑚 7𝑠7 − 𝑚 8𝑠8 + 𝑚 𝑤𝑠𝑤 − 𝑚 𝑠𝑡𝑠𝑠𝑡 + 𝑆 𝐻𝐸2 = 0 (33) 

From the mass conservation (𝑚 7 = 𝑚 8and 𝑚 𝑤 = 𝑚 𝑠𝑡 ). Thus, the entropy generation rate inside the 

heat exchanger 2 (𝑆 𝐻𝐸2) is achieved with [75,77]: 

𝑆 𝐻𝐸 = 𝑚 7 𝑠8 − 𝑠7 − 𝑚 𝑤 𝑠𝑠𝑡 − 𝑠𝑤  (34) 

Using the following energy balance equation, one may find the outlet temperature of the cycle [75,77]: 

𝑚 7 𝑕7 − 𝑕8 = 𝑚 𝑤 𝑕𝑠𝑡 − 𝑕𝑤  (35) 

 

General balance for hybrid cycle 

Figure 1 shows the MCFC / gas turbine hybrid system, which is analyzed as a single control volume. 

The mass balance of the hybrid system is [75]: 

 𝑚 1 + 𝑚 10 + 𝑚 12 − 𝑚 8 = 0 (36) 

𝑚 1 = 𝑚 2 = 𝑚 3 (37) 

𝑚 10 + 𝑚 12 = 𝑚 13 = 𝑚 14 = 𝑚 15  (38) 

 𝑚 15 + 𝑚 3 − 𝑚 4 = 0 (39) 

𝑚 4 = 𝑚 5 = 𝑚 6 = 𝑚 7 = 𝑚 8 (40) 

On the other hand, the energy balance (first law) of the system is [75]: 

𝑚 1𝑕1 + 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶𝑈𝑓𝐿𝐻𝑉 + 𝑚 𝑤𝑕𝑤 + 𝑄 𝑐𝑜𝑚𝑏 − 𝑚 8𝑕8 − 𝑄 𝑙𝑜𝑠𝑠 − 𝑊 
𝐹𝐶,𝑑𝑐 − 𝑊 

𝑛𝑒𝑡 ,𝐺𝑇 = 0 (41) 

The total thermal yield of the plant is defined by the ratio between the net power and the total income 

power of the system [75]: 

𝜂𝑡𝑜𝑡 =
𝑊 

𝑛𝑒𝑡

𝑄 𝑡𝑜𝑡
 (42) 

𝑊 
𝑛𝑒𝑡 = 𝑊 

𝐹𝐶,𝑎𝑐 + 𝑊 
𝑔𝑒𝑛  (43) 

𝑊 
𝐹𝐶,𝑎𝑐 = 𝜂𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑊 

𝐹𝐶,𝑑𝑐  (44) 

𝑊 
𝑔𝑒𝑛 = 𝜂𝑔𝑒𝑛 𝑊 

𝑛𝑒𝑡 ,𝐺𝑇  (45) 

𝑄 𝑡𝑜𝑡 = 𝑚 𝑓𝑢𝑒𝑙 ,𝐹𝐶𝑈𝑓𝐿𝐻𝑉 + 𝑄 𝑐𝑜𝑚𝑏  (46) 

In which inverter and gen are the inverter (DC to AC) and the electrical generator efficiency, 

respectively.Finally, the entropy generation rate within the system is the sum of entropy generated in all plant 

components [77]:  

𝑆𝑠𝑦𝑠 =  𝑆𝑖

𝑖

 
(47) 

Where i stands for the hybrid cycle equipment (compressor, heat exchanger, MCFC, combustor and gas 

turbine). 

 

 

III. RESULTS AND DISCUSSION 
The main input parameters of each component of the hybrid system are listed in Table 3. The 

considerations taken into account were that the equipment is in steady-state, without losses, in the electrical 

generator connected to the fuel cell output. 

 

Table no 3. Equipment entry parameters [69] 

Name Parameters 

Fuel source Methane (CH4): 100%. Lower heating value of 50006 kJ/kg; Pressure of 101325 

Pa and temperature of 288.15 K. Mass flow rate  of 0.05 kg/s. 

Air source and 

ambient conditions 

N2: 77.29%, O2: 20.75%, H2O: 1.01%, CO2: 0.03% and Ar: 0.92%; Pressure of 

101325 Pa and temperature of 288.15 K. Relative humidity of 60% 

Air and Fuel 

Compressor 

Isentropic efficiency of 1.00; Mechanical efficiency of 1.00; Pressure ratio ranging 

from 3 to 6. 

Turbine Isentropic efficiency of 0.80; Mechanical efficiency of 1.00 

Electrical generator Efficiency of 0.98 

Heat exchanger Pressure drop in hot and cold side of 10%; Effectiveness of 0.92 

Stack Exhaust Pressure of 101325 Pa 
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The results for the ohmic polarization of the MCFC for the anode (a) and the cathode (b) are presented 

in Figure 2. The obtained values derived from Nernst equation as a function of the operating pressure, 

steam/carbon ratio varying from 2 to 3 and fuel utilization in the anode (Ufan) ranging from 0.25 to 1.00 

considering the temperature of 923.15 K. 

The results show that the resistance in the electrodes decreases exponentially with increasing pressure 

and the steam/carbon (S/C) ratio, followed by the fuel utilization in the anode. This was expected based on: (i) 

the higher the S/C ratio, the greater the conversion of the fuel to H2, favoring an increase in the availability in 

the anode and reducing the concentration resistance; (ii) higher rate of fuel utilization also implies higher 

activity on this electrode; (ii) the increase of the pressure favors the availability of H2 at the catalyst sites, 

besides promoting the diffusibility of the ions by the electrolyte after the reaction at the electrode, releasing the 

sites so that the reaction occurs at higher rates. 

 

 
 

Figure no2. Results for ohmic polarization in the anode (a) and cathode (b) as a function of the pressure 

and steam to carbon ratio (S/C) for the operating temperature of 923.15 K. 

 

The reduction in resistance in the electrodes will imply in a smaller reduction in the operating voltage of 

the cell and, in turn, in a higher power density. These results confirm with that described by [6], which 

emphasizes that the increase in operating pressure results in increased fuel cell voltage due to the increased 

solubility of gases and increased mass transport due to the increase in the partial pressures of the gases. 

Regarding the influence of the fuel cell operating temperature on the resistance, already demonstrated 

by Leal [58], the results obtained are expressed in Figure 3, for which the total resistance of the cell was given 

as a function of the temperature (ranging from 773.15 K to 973.15 K) at different pressures. 

It is possible to observe that the temperature has a greater influence on the resistance of the fuel cell 

than the operating pressure. With these results, it was possible to find the points of greatest energy production 

by the fuel cell, shown in Figure 4. These results were usedto calculate the power produced by the hybrid system 

in MS Excel software. The parameters obtained and used for the fuel cell model was its operating temperature 

and pressure, current density, output voltage, fuel and oxidant utilization, and the internal reforming rate. 

 

 
Figure no 3. Results of the fuel cell resistance as a function of the operating temperature (773.15 K  T  

973.15 K), and pressure (from 1 atm to 6 atm), for steam-to-carbon ratio of 2.0 and fuel utilization of 0.75 
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Figure no4. Results of the fuel cell power density as a function of the current density (0 A/m² j 10000 

A/m²), operating pressure (1 and 2 atm), fuel utilization of 0.50 and 0.75, and steam to carbon ratio of 2.0 

and 3.0. 

 

As shown in the results of the total resistance (Figure 3), the increase in pressure and in the operating 

temperature of the fuel cell results in significant increases in the power production (Figure 4), being the 

association between these two parameters. It can also be verified, according to Figure 4, a parabolic behavior of 

the relationship between power and current density, and for higher temperatures, the higher the power limit will 

be. For the temperature of 973.15 K, at a pressure of 1 atm; Ufan of 0.75 and S/C ratio of 2, the power reached a 

maximum value of 2108 W/m
2
 at 4000 A/m², while for the temperature of 923.15 K a power output reached 

1509 W/m
2
 at 3000 A/m². This means an increase of 39.7% in power density and 33.3% in the peak current 

density for a 7.7% change in temperature. In addition, for the temperature of 923.15 K and current density of 

4000 A/m², the variation in the fuel utilization resulted in the increase of 19.0% (at 1 atm pressure and S/C ratio 

of 2) and 15.1% (at 1 atm pressure and S/C ratio of 3). The pressure increase from 1 to 2 atm resulted in 

increases of up to 40.2% (Ufan of 0.75 and S/C ratio of 2), while the increase in the S/C ratio increased by 9.2%, 

at pressure of 1 atm and Ufan of 0.5, 5.7%, at a pressure of 1 atm and Ufan of 0.75. 

The hybrid system was built and the points of greatest energy production by the fuel cell were inserted 

in the configuration to evaluate the influence of these parameters on the complete hybrid system. Although the 

reforming reactions could be calculated directly through MCFC apparatus, the mass fractions at anode inlet 

were easier to control using an indirect internal reformer. Figure 5 shows the results for power delivered and net 

delivered power efficiency as a function of operating pressure from 3atm to 6 atm, the temperature of 923.15 K 

and 973.15 K, fuel utilization of 0.75, and steam to carbon of 2.  

 

  
Figure no 5. Results of power delivered (a) and net delivered power efficiency (b) as a function of pressure 

(3 atm P  6 atm), temperature of 923.15 K and 973.15 K for fuel utilization of 0.75 and steam to carbon 

of 2. 

 

Figure 5 relates the delivered power to the pressure variation for temperatures of 923.15 K and 

973.15 K. For the same fuel mass flowrate in the system, it is possible to observe that the variation in the 

operating temperature of the fuel cell resulted in a greater increase in the total power of the hybrid system when 

compared to the results of the pressure increase. The increase in temperature from 923.15 K to 973.15 K 
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resulted in a maximum increase of 12% in the delivered power and corresponding to a 6.95% system efficiency 

increase, demonstrated in Figure 5(b). This effect was a consequence of an increase in the delivered power of 

the fuel cell, already expected and described with the individual modeling of the device. 

An increase in pressure from 3 to 4 atm resulted in a maximum increase of 3.86% in delivered power, 

corresponding to an increase of 2.22% system efficiency (T = 923.15 K). This is because, although an increase 

in the fuel cell's power density was observed for the same mass flow rate in the system, the pressure negatively 

influenced the value of the total delivered power of the fuel cell. For this pressure variation, there was a 

reduction of 7.79% in the delivered power of the MCFC, although the delivered power of the gas turbine 

increased by 24.7%, also showing a higher effect of the pressure on the turbine operation regarding the working 

fluid temperature. Results of turbines and MCFC power delivered for a variation in steam to carbon ratio, 

operating temperature, fuel utilization variation, are shown in Figure 6. 

 

  

Figure no6. Results of the power delivered and efficiency of each main component as a function of the 

operating temperature and steam to carbon ratio (a), and the fuel utilization with temperature of 

923.15 K, both in the pressure of 3 atm. 

 

Results presented in Figure 6a and 6b indicate that the variation in the reform rate from 2 to 3 promoted 

an increase in the power delivered by the MCFC for both temperatures of 873.15 K and 923.15 K compared 

(27.11% and 23.0%, respectively). On the other hand, this increase resulted in a reduction in power delivered by 

the gas turbine, with a reduction of 4.5% for the temperature of 873.15 K and 6.0% for the temperature of 

923.15 K. Nevertheless, there was an increase in total delivered power and in the system's network efficiency. 

For 873.15 K, an increase of 13.7% in the delivered power and 7.0% in the network efficiency was observed, 

and at 923.15 K, 13.0% and 7.17%, respectively. 

In turn, it was possible to conclude that the variation in the fuel utilization rate from 0.50 to 0.75 also 

promoted a 14.5% increase in the power delivered by the MCFC to the system studied at a temperature of 

923.15 K and a pressure of 3atm. As for the steam-to-carbon ratio, this increase resulted in a reduction in the 

power delivered by the turbine pair by 14% in the delivered power. The result was expected, given that the 

increase in fuel utilization by the cell reduces the availability of fuel to be used in generating turbine power. The 

result was a slight increase in power and total delivered network efficiency (2.3% and 2.4%, respectively). 

 

IV.CONCLUSIONS 
It becomes clear that, in the design point, the fuel cell is the main energy generator, while the turbine is 

the second power generation equipment. It was also possible to conclude that, for the hybrid system, the 

increase in fuel cell operating temperature and fuel reform promoted an increase in fuel cell and system 

delivered power, although the increase in temperature did not significantly influence the power delivered by the 

turbine and the reform rate has resulted in a decrease of this. The increase in pressure, on the other hand, 

resulted in an increase in the power delivered by the gas turbine and in a decrease of the power delivered by the 

fuel cell, maintaining the same fuel mass flow rate. However, the power density of the fuel cell, in this case, 

increases. Moreover, both the increase in the fuel cell's operating temperature and in the pressure and reform 

rate culminated in an increase in the efficiency of the hybrid system. The variation in the rate of fuel utilization 

by the fuel cell, on the other hand, did not show an expressive increase in the efficiency of the system or in the 

total delivered power, since the increase in energy production by the cell was affected by the reduction of energy 

production by the turbines. 

(a)

(b)

(a)

(b)
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Further research is needed to check the influence of the studied parameters on carbon deposition in the 

MCFC and evaluation of its lifetime for economic analysis of the increase of these variables in the system. 
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